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Description
State of the Art

[0001] Left ventricular cardiac biomechanics is far beyond being fully understood, but it is of crucial importance for the
hemodynamical function of the heart in health and in pathologies. As the heart pumps blood by reduction of intraventricular
volume, itis desirable to understand this mechanical action from the microscopic level of fibre shortening over cooperation
and arrangement of this contraction towards systolic wall thickening and the complementary diastolic relaxation. Since
pathologies might affect different steps within this cascade, their assessment by imaging techniques is of great interest.
The biomechanics of the left ventricular myocardium is of crucial importance for the hemodynamic function of the heart.
However, how global systolic function emerges from microscopic muscle fiber contraction is not fully understood. Aspects
as the arrangement and orientation of muscle fibers, and fiber sliding, which itself depends on the extracellular matrix
composition should play an important role in myocardial wall thickening.

[0002] A simple example will illustrate this: As myocardial fibers shorten, they broaden by reason of incompressibility.
But this pure systolic shortening of about 10 - 15% of the myofibre length can only account for about 8% increase in
myocyte diameter and cannot fully explain the observed wall thickening of more than 40%. Thus there must be a
mechanism of amplification of the effect of the myofibre contraction.

[0003] Document WO 2015/200552 A1 discloses a simulated cardiac model.

[0004] Document US 2013/197881 A1 discloses a method and a system for a patient specific planning of cardiac
therapies on preoperative clinical data and medical images.

[0005] Document US 2009/318803 A1 discloses an ultrasonic diagnostic apparatus, a ultrasonic image processing
apparatus and a medical image processing apparatus

[0006] DocumentUS 2014/071125 A1 discloses an approach for patient specific segmentation, analysis and modelling
for 3-dimensional ultrasound image data.

Disclosure of the Invention

[0007] One histologically reasonable mechanism would be interlaminar shearing, i.e. shearing motion between histo-
logical entities within the myocardium, which can be seen as the main mechanism of left ventricular wall thickening and
the complementary diastolic relaxation. Therefore, a hypothesis suggests, that intramyocardial shearing motion is the
main mechanism of LV-myocardial wall thickening.

[0008] Recently the inventors developed a mathematical method for investigating the local myocardial shear-rate from
3D myocardial velocity fields. This new approach, which was called "keirometry" (greek: keirein: to shear, to metron: the
measure), allows to demonstrate that myocardial wall thickening emerges mainly from shear movement. The hypothesis
to tackle is that intramyocardial shearing is the main mechanism of myocardial wall thickening.

[0009] The verification of this hypothesis would have paramount implications on our understanding of cardiac con-
traction and relaxation in health and disease. For example, it might explain the effectiveness of systolic myocardial
contraction or it could clarify a crucial mechanism of the transition towards heart failure in the chronically infarcted heart,
hypertrophy and in several other cardiac pathologies, which might not only be understood better, but also be more
diagnostically distinguishable. As the method or unit is equally applicable to shearing motion in systole and to the re-
shearing in diastole, it is very promising to assess not only systolic but also diastolic heart failure, which is mechanically
poorly understood and where new parameters for its quantification and stratification are most desirable as there is a
certain lack of valid non-invasive parameters for diastolic dysfunction.

[0010] In order to better diagnose cardiac disease of the patient the present invention provides an apparatus for
determining a disease parameter describing or indicating a type of cardiac disease or a presumed type of cardiac disease.
The apparatus comprises the following units:

- aunit for reading in a set of input parameters, wherein the input parameters represent a field of velocity vectors
measuring 3D myocardial velocity fields with voxel wise 3D velocity information, each velocity vector representing
a velocity of motion of a voxel of a region of the heart at a predefined time point or time interval and wherein a
velocity vector depicts the voxel wise three-dimensional velocity of the myocardium with different magnitude;

- aunitforapplying a processing algorithm on the set of input parameters in order to obtain at least a rotation parameter
and/or at least a strain-rate-tensor for each voxel, the rotation parameter representing the local curl of the set of
input parameters and the strain-rate-tensor representing a local rate of strain at a certain spatial point at a certain
time point or time interval, wherein the strain-rate-tensor is calculated by the Jacobian matrix of the considered
velocity field , using the formula SRT= 12(Df+DfT) wherein DfT denotes a transposed Jacobian matrix and wherein
the rotation parameter is derived from the formula curl = V x f wherein V represents the Nabla-operator and x denotes
the cross product or wherein the rotation parameter (R) is calculated using the formula RRT= 2(Df-DfT); and
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- aunitfor calculating at least the disease parameter on the basis of the rotation parameter and the strain-rate-tensor
wherein the unit for calculating is configured for calculating the disease parameter by dividing an absolute value of
the rotation parameter by at least one Eigenvalue , the at least one Eigenvalue resulting from solving the eigenvector
problem SRT f = A f, wherein A denotes the eigenvalue and wherein the disease parameter reflects the proportion
to overall deformation of local layer shearing with regard to local pure deformation.

[0011] Thus, an input parameter can be considered as a velocity vector. Here, input parameters are velocity vectors,
building a velocity field. A voxel is a volume unit at a predefined position within a considered field of view or volume of
interest, containing for example the myocardial wall. In particular, for every considered (myocardial) voxel a velocity
vector is available, representing the instantaneous velocity. A voxel can be considered as a volume unit in a predefined
position of the heart or a region of the heart. The velocity vector of a corresponding voxel represents the velocity of
motion of the wall of the heart or a region of the wall of the heart. The velocity vectors are measured for a predefined
time point or time interval within the cardiac cycle. Different sets can be measured for different time points within the
heart cycle in order to evaluate the complete heart cycle. A processing algorithm is a set of processing rules which have
to be applied on the set of input parameters in order to obtain at least the rotation parameter and/or strain-rate-tensor.
The rotation parameter can be considered as a parameter representing the local voxel wise curl as well as for each time
point respectively each time interval. The strain-rate-tensor can be considered as a parameter representing a local voxel
wise rate of strain for the set of input parameters. A disease parameter can be considered as a parameter whose value
provides information on a type of cardiac disease. Therefore, this disease parameter can be compared with a reference
value in order to provide information about the possible cardiac disease of the patient to a physician.

[0012] The present invention is based on the finding that the disease parameter, which provides information about
the type of cardiac disease, can be generated by an analysis of the set of input parameters, which themselves represent
the field of velocity vectors. Especially the determination of the rotation parameter in the form of the curl of the set of
input parameters andr the strain-rate-tensor provides the basis for calculating a set of disease parameters in order to
provide very precise information about the type of cardiac disease to a physician.

[0013] According to a preferred embodiment of the present invention the unit for applying the processing algorithm is
configured for a calculation of at least the Jacobian matrix from the set of input parameters, particularly in order to
calculate the strain-rate-tensor. Such an embodiment of the present invention provides the advantage that the movement
of the voxel in different directions can be intensively analysed, therefore providing precise information about the local
rate of strain and rate of shear at a spatial point at a certain time point.

[0014] Special advantages provide an embodiment of the presentinvention, in which the unit for applying the processing
algorithm is configured for the calculation of the Jacobian matrix with respect to each one of the three spatial dimensions.
Such an embodiment of the present invention provides the advantage that the movement of the voxel in each of the
three spatial dimensions are considered, therefore providing a precise information about the deformation of the material
in the voxel. Thus, the thickening and deformation of the wall of the heart and/or a region of the wall of the heart can be
precisely tracked.

[0015] The Eigensystem decomposition comprises determining the Eigenvalues and/or Eigenvectors. Thus, of the
present invention provides the advantage of providing the principal directions of local strain-rate and their magnitude.
[0016] Especially the absolute value or magnitude of the rotation parameter can be compared with a product of the
number two with a positive Eigenvalue (of the strain-rate-tensor) or with a product of the negative number "-2" with the
negative Eigenvalue (of the strain-rate-tensor), especially wherein the third Eigenvalue is zero. If this product on the
basis of the Eigenvalues is equal to or close to the magnitude or absolute value of the rotation parameter, it can be
concluded that a simple shear deformation is present. Thus the present invention provides the advantage that the pure
shear deformation of the considered volume element can be easily determined.

[0017] Furthermore, according to a special embodiment of the present invention the unit for calculating is configured
for calculating the disease parameter on the basis of the rotation parameter and the most positive Eigenvalue of the
SRT. More specifically, the disease parameter can be calculated by multiplying the value of 0.5 with the absolute value
of the rotation parameter, divided by the positive eigenvalue of the strain-rate-tensor. The smaller a deviation of the
disease parameter from the value of 1 is, the larger is the proportion of the simple shear at the measured deformation.
l.e. where the disease parameter is equal to the value of 1 and no relevant additional rotation is present a pure simple
shear is present. Where the disease parameter is equal to zero there is no relevant simple shear deformation present.
Such an embodiment of the present invention provides very precise information about the type of the cardiac disease
dueto the combination of the information from the rotation parameter as well as the information from the strain-rate-tensor.
[0018] According to a further embodiment of the present invention, in the unit for reading in a set of input parameters
is read in, which was recorded by means of a magnetic resonance imaging apparatus. Such an embodiment of the
present invention provides the advantage that the disease parameter can be calculated on a very precise set of input
parameters which additionally can be obtained by a technically adult method for measuring vital parameters.

[0019] In order to obtain a precise disease parameter for more or all regions of the heart or in view of deeply analysing
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the motion of the heart in a timeline, a special embodiment of the present invention can be used, in which the units for
reading in, applying and calculating are configured for consecutively performing sets of input parameters representing
the velocity of motion of voxels of different regions of the heart at a predefined time point and/or representing the velocity
of motion of a voxel of a region of the heart at different predefined time points. Such an embodiment of the present
invention provides the advantage of covering greater regions of the heart or longer time intervals in order to closely
analyse the type of cardiac disease of a patient.

[0020] According to another embodiment of the present invention the apparatus comprises units for analysing the
disease parameter by comparing the disease parameter with a reference value and/or reference value interval in order
to output a proposal for a specific cardiac disease. Such an embodiment of the present invention provides the advantage
that by comparison of the disease parameter with a (predefined) reference value (for example taken from a precalculated
or previously measured list of reference values) hint on a special type of cardiac disease can be given to the physician
who analyses the patient. By such a preprocessing of the disease parameter prior to a display of this disease parameter
to the physician the physician can be exculpated from analysing the data presented to him/her.

[0021] The apparatus can presently be considered as an electrical device which is configured to process sensor signals
and, dependently thereof, provide control and/or data signals. The sensor signals can for example be signals of a sensor
of a medical device respectively of the sensor which is embedded in a medical device. The sensor signals can be
considered the sensor signals of a magnetic resonance sensor or an echo sensor or the like. The control and/or signals
can be considered to be signals which are provided to a control or processing unit which is configured to perform the
above-mentioned method in separate instances or subunits. Such Subunits can be for example be configured as signal
processors or microcontrollers which are capable of performing mathematical algorithms.

[0022] Embodiments of the approach presented here are described and depicted in detail with respect to the following
figures and description. Shown is in

Fig. 1 a schematic view of a medical device comprising an apparatus according to an embodiment of the approach
presented here;
Fig. 2 a diagram of an example of a set of input parameters as velocity vectors;

Figure 3A  a diagram, depicting that pure shear is a shearing deformation without any rotational component;
Figure 3B a diagram, depicting that simple shear is a shearing deformation;
Figure 3C  an illustration for explanation of a decomposition of the so called Simple shear;

Figure 4 an illustration of the principal strain axes of an SRT;

Figure 5 a diagram of an exemplary healthy volunteer data;

Figure 6 a diagram of an exemplary healthy volunteer data;

Figure 7 a diagram of an exemplary healthy volunteer data; and

Figure 8 a flow diagram of a method for determining a disease parameter describing a type of cardiac disease

according to an embodiment of the present invention

[0023] Same or equal elements are denoted by same or equal reference numerals, wherein a repeated description is
omitted due to clarity reasons.

[0024] Figure 1 shows a schematic view of a medical device 100 comprising an apparatus 110 according to an
embodiment of the approach presented here. The medical device 100 comprises a sensor 115 which is configured for
measuring a set of input parameters f, which for example represents the movement of voxels 120 of a region of a heart
125 or of the heart 125 itself. It has to be noted, that the proportions of the heart 125 of a patient 130 is shown only
schematically in Figure 1 for illustration reasons. To be more specific, the sensor 115 provides a field of velocity vectors
as set of input parameters f, in which each velocity vector represents the velocity of the respective voxel 120 in spatial
dimensions atthe time point of measurement. However, the sensor 115 is configured to provide the set of input parameters
f such that the velocity vectors for each of the voxels 120 during the measurement are provided for the same time point
respectively the same time interval, which is necessary for measuring the velocity for each voxel. Thus, the time point
can also be considered as a (small) time interval for capturing the values for the velocities of the voxels for a set of input
parameters. The set of input parameters f is then transferred to the apparatus 110 according to an embodiment of the
present invention. The apparatus comprises an interface 135 for reading in the set of input parameters f. Furthermore,
the apparatus 110 comprises a unit 140 for applying a processing algorithm on the set of parameters f in order to obtain
at least a rotation parameter R and/or at least a strain-right-tensor SRT. The rotation parameter R represents the local
curl of the set of input parameters f, wherein the strain-rate-tensor SRT represents the local rate of strain at a certain
special point, especially at a voxel, at a certain time point. The apparatus 110 furthermore comprises a unit 145 for
calculating that disease parameter « on the basis of the rotation parameter R and/or the strain-rate-tensor SRT. The
disease parameter k can then be provided to a display unit 150, which can display one or more disease parameters (for
example for different regions of the heart 125 and/or for several, for example consecutive, time points) to a physician
155 in order to provide information from which the type of cardiac disease can be concluded by the physician 155.
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[0025] In consideration of the above-described embodiment of the present invention, the so called Keirometry can be
seen as depending on a 3D velocity map or voxel velocity vectors as set of input parameters, which can be for example
obtained by a custom-made MRI (MRI = Magnetic resonance imaging)-sequence which was developed in close inter-
disciplinary collaboration by the inventors. In principle, the so called keirometry can also be performed on 3D myocardial
velocity maps obtained by other techniques for data acquisition as for example echocardiography, other MRI-techniques
or other measurement techniques that provide a 3D myocardial velocity map. The herein described embodiment of the
invention as the so called keirometry uses a special inventive analysis method for 3D myocardial velocity fields.
[0026] Figure 2 shows a diagram of an example of a set of input parameters as velocity vectors 200. This velocity
vectors represent a short axis slice of the left ventricle of a person 130 in mid-systole. Arrows represent the velocity
vectors 200, which depict the voxel wise three-dimensional velocity of the myocardium with different magnitude. The
data shown in Figure 2 was acquired by means of said custom-made MRI sequence.

[0027] As mentioned above the assessment of myocardial kinematics and especially myocardial shearing motion
requires for example a three-dimensional motion analysis with sufficiently high temporal and spatial resolution with very
good data quality.

[0028] For the experimental assessment of cardiac mechanics a cardiac 4D Flow MRI sequence was developed,
whichis able to measure 3D myocardial velocity fields with voxel wise 3D velocity information for the analysis of myocardial
motion, (as shown in Figure 2) over the whole cardiac cycle using velocity phase encoding. Thus several sets of input
parameters as the field of velocity vectors are generated each for example for different time points and/or different
regions of the heart wall.

[0029] The origin of the so called keirometry (greek: keirein: to shear, to metron: the measure) according to a special
embodiment of the present invention is determining a tensor given by the Jacobian matrix Df of the considered velocity
field f at any point of the investigated field of view:

A EA

Ox; Oy

S

Cxy gy

wherein frepresents a velocity vector field as example of a set of input parameters with components f, - f, and coordinates
X1 - X,, In the present case: m=n=3, and wherein & denotes a partial derivative

[0030] This Jacobian matrix Df can be decomposed in parts describing different kinematic features of the local motion.
Important decompositions for keirometry are the symmetric component, the strain-rate-tensor SRT describing the local
rate of strain (= deformation) at a certain spatial point at a certain time point,

SRT= %(Df+Df")

wherein DfT denotes a transposed Jacobian matrix

and the antisymmetric component, the rotational-rate-tensor RRT describing the local rate of rotation at a certain
spatial point at a certain time point,

RRT= %(Df-Df")

[0031] These tensors contain the whole information on the local three dimensional rotational-rate and the local three
dimensional strain-rate. The different components of local shear-rate are defined as the different local spatial derivatives
of the velocity components and are as such contained within the SRT.

[0032] From the correlation of these two tensors (SRT and RRT) information can be derived on the local shearing
mechanics of the investigated field. First the orthogonal eigensystem of the SRT is calculated in this embodiment by
solving the classical eigenvector problem:

SRTf=Af
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wherein A denotes the eigenvalue.
[0033] This eigensystem allows analysing the principal directions of local strain and their magnitude.
[0034] Then we calculate the local curl of the field:

R=curl=Vxf

wherein V represents the Nabla-operator and
X denotes the cross product.

[0035] For the following considerations the distinction between so called pure shear and so called simple shear is of
interest.

[0036] Figure 3A shows a diagram, depicting that pure shear is a shearing deformation without any rotational compo-
nent.

[0037] Figure 3B shows a diagram, depicting that simple shear is a shearing deformation, which occurs for example
in the case of shearing between two layers. Figure 3B thus illustrates the so called simple shear as shearing between
two layers. It is a simplified depiction of simple shear by for example cutting planes through a deformed cuboid.
[0038] Figure 3C depicts an illustration for explanation of a decomposition of the so called Simple shear, which contains
also a rotational component (rigid body rotation) besides the pure shear component. Simple shear can be decomposed
in these two components by decomposing Df into the SRT, which represents the pure shear, and the RRT which
represents the rotational component. In the lower part of the illustration of Figure 3C a decomposition algorithm is shown
in order to further explain the decomposition of the simple shear into the pure shear component SRT and the rotational
component RRT in mathematical terms. Figure 3C therefore can be considered as an illustration of the decomposition
of simple shear: simple shear deformation, which is occurring in the sliding of two layers (and which we expect to occur
between intramyocardial layers) can be decomposed into its pure shear component contained within the SRT and its
rotational component contained within the RRT.

[0039] If now a closer look is taken at the SRT and the RRT of a so called simple shearing deformation (e.g. horizontal
sliding of layers, confer figures 3B and 3C), it can be found that it is composed of a so called pure shearing deformation
(contained within the SRT) and a rotational component (contained in the RRT respectively Curl).

[0040] Just a simple example clarifies this:

The local Jacobian Df of a velocity field depicting such a simple shear deformation of a cuboid as illustrated (in Figure
3B or 3C) by cuts through a deformed cuboid is given by:

Df =(0s0;000; 00 0), where s is the shear rate.

[0041] Then the local SRT =(0s/20;s/200;000)

and the local RRT = (0 s/2 0; -s/2 0 0; 0 0 0) (as in Figure 3C).

[0042] Analysing these tensors SRT and RRT in a simple shear deformation a pure shear deformation can be found
contained within the SRT, with two eigenvectors respectively oriented in 45 degrees from the axes of the shearing plane
(i.e. the shearing direction and the axis perpendicular to the shearing layers) and with the correlation

ICurl| =2 A =-2 A, (1

where A is the positive eigenvalue of the SRT and A, is the negative eigenvalue of the SRT. A5 is 0 in this case.
[0043] As illustrated in Figure 4, in the example presented here, eigenvectors oriented in 45 degrees from the x- and
y-axis can be found. The eigenvectors in the present example have eigenvalues A1 = s/2 and A, = -s/2 and in this case
Curl =s.

[0044] Figure 4 depicts an illustration of the principal strain axes of an SRT: the axes of principal strain are represented
by the eigenvectors of the SRT and are oriented in 45 degrees from the axes of the original cube, more precisely: 45
degrees from the shearing direction (in this case the x-direction) and 45 degrees from the direction perpendicular to the
shearing layers.

[0045] According to a preferred embodiment of the present invention a disease parameter k can be calculated in a
respective step of calculating. The rate of the local pure shear is dependent on the chosen coordinate system. Thus the
eigensystem of the local SRT as coordinate system can be chosen. And in this eigensystem there is no more shear-
rate. But if a simple shear is present, e.g. shearing between layers, then there is for example an additional rotational
component. And this component is invariant under transformation of coordinates. It is contained within the RRT or can
simply be calculated as the local Curl and shows the mentioned correlation with factor 2 and factor -2 with the eigenvalues
of the SRT (according to equation 1). If there is an additional rigid rotation within the considered field of view thus with
a rotational curl due to this rigid rotation directly additive to the Curl due to simple shearing, a correction can be applied.
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[0046] When acquiring myocardial velocity fields in vivo at the beating heart the actual local direction of possible
intramyocardial shearing motion is not known. Since shear-rate is dependent on the coordinate system it is difficult to
identify and to quantify shearing motion. The so called Keirometry as an embodiment of the here presented approach,
considering not only the SRT but also the RRT, is able to identify and to quantify simple shearing motion without a
previously known local shearing direction.

[0047] Performing the so called keirometry means to preferably investigate both in combination: the pattern of the
eigensystem of the local SRT and the local Curl. In a real experiment, there will mostly be a combination of pure
deformation (e.g. compression in one direction and dilation in other directions) and simple shear deformation (e.g.
shearing between layers).

[0048] To quantify the proportion of these two components the disease parameter « is introduced. For example, the
disease parameter can be calculated by:

K = Y% |Curl|/A

wherein | ... | denotes a magnitude or an absolute value.

[0049] The parameter « reflects the proportion of the two kinds of deformation and the appropriateness of the relation
in equation (1) within the measured field of view.

[0050] If there is only shearing between layers i.e. simple shear and no pure deformation, then equation (1) is fully
appropriate and

K="1

(as in the previous example depicted in Figure 3B and 3C)
[0051] If there is only pure deformation without any simple shear (e.g. without any shearing between layers), then

k=0

[0052] Thus the disease parameter k especially reflects the proportion in relation to overall deformation of local layer
shearing and local pure deformation within the considered field of view.

[0053] In the case of vastly dominating layer shearing, the pattern of the SRT-eigensystem and the Curl is given by
equation (1). This means that the parameter k should be close to 1 (or atleast markedly increase with a tendency towards
1 in the case of starting layer shear).

[0054] The previously described approach, the so called Keirometry, means preferably an integrative assessment of
both, the local eigensystem of the SRT and the local Curl (contained within the eigensystem of the RRT, by the way).
Keirometry is for example identifying, analysing and quantifying the local shearing motion within the field of view by
investigating these features.

[0055] In summary, the local Curl in correlation with the pattern of the local SRT-eigensystem can be used as a
measure for the local simple shear rate. This shearing causes a strain of the considered volume element. This strain
effect caused by simple shearing is not only quantitatively related to the rotational curl (see equation (1)) but shows also
a certain pattern of the SRT eigensystem (i.e. quantitatively dominating A, and A, with |Curl| = 2 3, =-2 &,). Experimentally
depicting this shearing-specific pattern of the eigensystem and the relation of equation 1 with quantitatively dominating
Aq and A, a very strong experimental evidence for the hypothesis can be achieved, that shearing motion is the main
mechanism of strain (thickening and thinning) within the myocardium. The approach presented here in a preferred
embodyment, i.e. Keirometry, will not only be the key to tackle this hypothesis but with the Curl it will also provide a
direct and absolute measure for the quantification of local myocardial shear-strain over the whole cardiac cycle with
several control parameters.

[0056] Thus investigations by means of keirometry can be made, if intra-myocardial simple shearing (e.g. shearing
between layers) is the main generator of local strain (thickening and thinning) at any time point of the cardiac cycle, and
quantify the effect by means of Curl and « and investigate if this dominating role of shearing is changing over the cardiac
cycle in health and disease.

[0057] The previously described approach can be used for direct translation to volunteer and patient studies. This
method requires zero invasivity, not even the application of contrast agent. It is applicable to any measured 3D velocity
field, acquired for example by MRI-techniques or also echo-techniques or other techniques that provide a 3D myocardial
velocity field with sufficient data quality. It is applicable to the whole cardiac cycle. Therefore, keirometry constitutes a
strong analysis modality for myocardial motion anlaysis, which is equally applicable to systole and diastole and has the
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potential for being used not only with MRI data acquisition techniques but also with data acquired by echocardiographic
(e.g. 3D speckle tracking echo) or any other data acquisition techniques.

[0058] In the volunteers measured up to now a marked predominance of shearing deformation particularly in early
systole (starting from time point 1) and in early diastole (starting from time point ~15) in a biphasic pattern is found,
clearly visible in Figures 5 and 6.

[0059] Figure 5 shows a diagram of exemplary healthy volunteer data. On the x-axis time is depicted (1unit = 20ms)
and on the y-axis strain-rate respectively rotational-rate in 1/sec is depicted. Furthermore, the beginning of the systole
500 and the beginning of the diastole 510 is also depicted in Figure 5. The line in triangles depicts the mean of the voxel
wise maximum positive eigenvalues of endocardilal voxels, i.e. the voxel wise magnitude of maximum extension and
the line in rectangles depicts the mean of the half magnitude of the rotational Curl. The action depicted in time points
1-14 corresponds to systole. The action depicted in time points 15-40 corresponds to diastole. Clearly visible is that
during early systole and early diastole the rotational curl (line in rectangles) and thus the disease parameter k is increasing,
indicating vastly predominating shearing deformation in these parts of the cardiac cycle. Furthermore, a biphasic pattern
of strain rate and corresponding shearing predominance in diastole can be seen. It seems very promising to investigate
alterations of this diastolic shearing pattern in the still not well-classified diastolic dysfunction, where there is still no
specific therapy after many inconclusive clinical trials based on echocardiographic parameters.

[0060] Figure 6 shows a diagram of exemplary healthy volunteer data. On the x-axis time is depicted (1unit = 20ms)
and on the y-axis the disease parameter « is depicted. Furthermore, the continuous line represents the disease parameter
k of endocardial voxels and the dashed line represents the disease parameter k of epicardial voxels. The action depicted
in time points 1-14 corresponds to systole. The action depicted in time points 15-40 corresponds to diastole. Clearly
visible is that during early systole and early diastole k is markedly increasing (more accentuated in the endocardial
region: continuous line), indicating vastly predominating shearing deformation in these parts of the cardiac cycle. Fur-
thermore, a biphasic pattern of strain rate and corresponding shearing predominance in diastole can be seen. It seems
very promising to investigate alterations of this diastolic shearing pattern in the still not well-classified diastolic dysfunction,
where there is still no specific therapy after many inconclusive clinical trials based on echocardiographic parameters.
[0061] In can be concluded that the new method, called keirometry, is well applicable to myocardial analysis and
provides already strong experimental evidence for the predominant role of intramyocardial shearing motion, particularly
in early systole, and biphasically in early and mid-diastole, as shown in the Figures 5 and 6. It seems very promising to
investigate alterations of this diastolic shearing pattern (Figures 5 and 6) in the still not well-classified diastolic dysfunction,
where there is still no specific therapy after many inconclusive clinical trials based on conventional echocardiographic
parameters, suggesting that these conventional echo-parameters do not provide a relevant stratification of diastolic
dysfunction.

[0062] Taking a look at the 3D field of the voxel wise eigenvectors corresponding to the maximum negative eigenvalue
in diastole i.e. local direction and magnitude of maximum instantaneous thinning at the exemplary time point 22 in mid-
diastole (figure 7), it is possible to validate visually the excellent quality of the data and realistic depiction of diastolic
myocardial deformation.

[0063] Figure 7 shows a diagram of exemplary healthy volunteer data, wherein the left ventricular 3D short axis slab
in mid diastole at time point 22 is depicted. The 3D field of the voxel wise eigenvectors 700 are shown, corresponding
to the maximum negative eigenvalue in diastole i.e. local direction and magnitude of maximum instantaneous thinning
at the time point 22 in diastole. The length of the lines 700 reflect the magnitude i.e. in this case the maximum negative
eigenvalues. It has to be noted, that as eigenvectors have no unique polarity, eigenvectors are represented as lines
instead of arrows. Clearly visible in this figure is the excellent data quality and realistic depiction of diastolic myocardial
deformation.

[0064] Figure 8 shows a flow diagram of a method 800 for Determining a disease parameter describing a type of
cardiac disease according to an implementation of the present invention. The method 800 comprises a step (810) of
reading in a set of input parameters, wherein the input parameters represent a field of velocity vectors measuring 3D
myocardial velocity fields with voxel wise 3D velocity information , each velocity vector representing a velocity of motion
of a voxel of a region of the heart at a predefined time point or time interval and wherein a velocity vector depicts the
voxel wise three-dimensional velocity of the myocardium with different magnitude, Furthermore the method 800 comprises
a step 820 of applying a processing algorithm on the set of input parameters in order to obtain at least a rotation parameter
and/or at least a strain-rate-tensor, the rotation parameter representing the local curl of the set of input parameters and
the strain-rate-tensor representing a local rate of strain at a certain spatial point at a certain time point or time interval,
wherein the strain-rate-tensor is calculated by the Jacobian matrix of the considered velocity field, using the formula
SRT=1.(Df+DfT) wherein DfT denotes a transposed Jacobian matrix and wherein the rotation parameter is derived from
the formula curl = V x f wherein V represents the Nabla-operator and x denotes the cross product or wherein the rotation
parameter is calculated using the formula RRT= %(Df-DfT). Finally, the method 800 comprises a step 830 of calculating
at least the disease parameter on the basis of the rotation parameter and the strain-rate-tensor, wherein the unit for
calculating is configured for calculating the disease parameter by dividing an absolute value of the rotation parameter
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by at least one Eigenvalue, the at least one Eigenvalue resulting from solving the eigenvector problem SRT f = A f,
wherein A denotes the eigenvalue and wherein the disease parameter reflects the proportion to overall deformation of
local layer shearing with regard to local pure deformation.

[0065] As the here described approach, called keirometry is a novel method and apparatus for the investigation of
myocardial motion in systole and diastole, it opens up a new field of myocardial imaging. The approach, Keirometry, is
able to reveal a hitherto unknown physiological effect of myocardial motion, which can be quantified directly and non-
invasively, and thereby provides a strong and fundamentally new tool to investigate myocardial motion in various pathol-
ogies including the still poorly understood but clinically highly relevant diastolic heart failure. Furthermore, the method
is not restricted to MRI data acquisition, but can in principle also be applied to appropriate echocardiographic datasets
or datasets from other acquisition techniques.

Claims

1. Apparatus (110) for Determining a disease parameter (k) describing a type of cardiac disease, the apparatus (110)
comprising the following units:

- a unit (135) for reading in a set of input parameters (f), wherein the input parameters (f) represent a field of
velocity vectors measuring 3D myocardial velocity fields with voxel wise 3D velocity information, each velocity
vector representing a velocity of motion of a voxel (120) of a region of the heart (125) at a predefined time point
ortime interval and wherein a velocity vector depicts the voxel wise three-dimensional velocity of the myocardium
with different magnitude;

- a unit (140) for applying a processing algorithm on the set of input parameters (f) in order to obtain at least a
rotation parameter (R) and/or at least a strain-rate-tensor (SRT), the rotation parameter (R) representing the
local curl of the set of input parameters (f) and the strain-rate-tensor (SRT) representing a local rate of strain
at a certain spatial point at a certain time point or time interval, wherein the strain-rate-tensor (SRT) is calculated
by the Jacobian matrix (Df) of the considered velocity field (f), using the formula SRT= V2(Df+DfT) wherein DfT
denotes a transposed Jacobian matrix and wherein the rotation parameter (R) is derived from the formula curl
= V x f wherein V represents the Nabla-operator and x denotes the cross product or wherein the rotation
parameter (R) is calculated using the formula RRT= V2(Df-DfT); and

- a unit (145) for calculating at least the disease parameter (k) on the basis of the rotation parameter (R) and
the strain-rate-tensor (SRT), wherein the unit (145) for calculating is configured for calculating the disease
parameter (k) by dividing an absolute value of the rotation parameter (R) by at least one Eigenvalue, the at
least one Eigenvalue resulting from solving the eigenvector problem SRT f =\ f, wherein A denotes the eigenvalue
and wherein the disease parameter (k) reflects the proportion to overall deformation of local layer shearing with
regard to local pure deformation.

2. Apparatus (110) according to one of claims 1, characterized in that the unit (140) for applying the processing
algorithm is configured for a calculation of at least the Jacobian matrix (Df) from the set of input parameters (f),
particularly in order to calculate the strain-rate-tensor.

3. Apparatus (110) according to claim 1 or 2, characterized in that the unit (140) for applying the processing algorithm
is configured for the calculation of the Jacobian matrix (Df) with respect to each one of the three spatial dimensions

(X1, X2, X3)-

4. Apparatus (110) according to one of the preceding claims, characterized in that in the unit (135) for reading in a
set of input parameters (f) is read in, which were recorded by means of a magnetic resonance imaging (MRI)
apparatus.

5. Apparatus (110) according to one of the preceding claims, characterized in that the units (135, 1470, 145) for
reading in, applying and calculating are configured for consecutively performing sets of input parameters (f) repre-
senting the velocity of motion of a voxel (120) of different regions of the heart (125) at a predefined time point or
time interval and /or representing the velocity of motion of a voxel (120) of a region of the heart (125) at different
predefined time points or time intervals.

6. Apparatus (110)according to one of the preceding claims, characterized by unit of analysing the disease parameter
by comparing the disease parameter with a reference value and/or reference value interval in order to output a
proposal for a specific cardiac disease.
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1. Vorrichtung (110) zum Bestimmen eines Krankheitsparameters (k), der eine Art von Herzerkrankung beschreibt,
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wobei die Vorrichtung (110) die folgenden Einheiten umfasst:

- eine Einheit (135) zum Einlesen eines Satzes von Eingangsparametern (f), wobei die Eingangsparameter (f)
ein Feld von Geschwindigkeitsvektoren darstellen, die 3D-Myokard-Geschwindigkeitsfelder mit voxelweiser 3D-
Geschwindigkeitsinformation messen, wobei jeder Geschwindigkeitsvektor eine Bewegungsgeschwindigkeit
eines Voxels (120) eines Bereichs des Herzens (125) zu einem vordefinierten Zeitpunkt oder Zeitintervall re-
prasentiert und wobei ein Geschwindigkeitsvektor die voxelweise dreidimensionale Geschwindigkeit des Myo-
kards mit unterschiedlicher GrofRe darstellt;

- eine Einheit (140) zum Anwenden eines Verarbeitungsalgorithmus auf den Satz von Eingangsparametern (f),
um mindestens einen Rotationsparameter (R) und/oder mindestens einen Dehnungsraten-Tensor (SRT) zu
erhalten, wobei der Rotationsparameter (R) die lokale Krimmung des Satzes von Eingangsparametern (f)
reprasentiertund der Dehnungsraten-Tensor (SRT) eine lokale Dehnungsrate an einem bestimmten radumlichen
Punkt zu einem bestimmten Zeitpunkt oder Zeitintervall reprasentiert, wobei der Dehnungsratentensor (SRT)
durch die Jacobimatrix (Df) des betrachteten Geschwindigkeitsfeldes (f) berechnet wird, unter Verwendung der
Formel SRT= .(Df+DfT), wobei DfT eine transponierte Jacobimatrix bezeichnet und wobei der Rotationspara-
meter (R) aus der Formel curl = V x f abgeleitet wird, wobei V den Nabla-Operator reprasentiert und x das
Kreuzprodukt bezeichnet oder wobei der Rotationsparameter (R) unter Verwendung der Formel RRT= V2(Df-
DfT) berechnet wird; und

- eine Einheit (145) zum Berechnen mindestens des Krankheitsparameters («) auf der Basis des Rotationspa-
rameters (R) und des Dehnungsratentensors (SRT), wobei die Einheit (145) zum Berechnen zum Berechnen
des Krankheitsparameters (k) durch Division eines Absolutwertes des Rotationsparameters (R) durch mindes-
tens einen Eigenwert ausgebildet ist, wobei sich der mindestens eine Eigenwert aus der Losung des Eigenvek-
torproblems SRT f = A f ergibt, wobei A den Eigenwert bezeichnet und wobei der Krankheitsparameter (k) den
Anteil der lokalen Schichtscherung an der Gesamtverformung in Bezug auf die lokale reine Verformung wie-
dergibt.

Vorrichtung (110) nach einem der Anspriiche 1, dadurch gekennzeichnet, dass die Einheit (140) zum Anwenden
des Verarbeitungsalgorithmus fiir eine Berechnung zumindest der Jacobimatrix (Df) aus dem Satz von Eingangs-
parametern (f), insbesondere zur Berechnung des Dehnungsratentensors, ausgebildet ist.

Vorrichtung (110) nach Anspruch 1 oder 2, dadurch gekennzeichnet, dass die Einheit (140) zum Anwenden des
Verarbeitungsalgorithmus fiir die Berechnung der Jacobimatrix (Df) in Bezug auf jede der drei Raumdimensionen
(x1, x2, x3) ausgebildet ist.

Vorrichtung (110) nach einem der vorhergehenden Anspriiche, dadurch gekennzeichnet, dass in der Einheit (135)
zum Einlesen ein Satz von Eingangsparametern (f) eingelesen wird, die mittels eines Magnetresonanztomographen
(MRI) aufgenommen wurden.

Vorrichtung (110) nach einem der vorhergehenden Anspriiche, dadurch gekennzeichnet, dass die Einheiten (135,
1470, 145) zum Einlesen, Anwenden und Berechnen dazu ausgebildet sind, nacheinander Satze von Eingabepa-
rametern (f) durchzufiihren, die die Bewegungsgeschwindigkeit eines Voxels (120) verschiedener Bereiche des
Herzens (125) zu einem vorgegebenen Zeitpunkt oder Zeitintervall reprasentieren und/oder die Bewegungsge-
schwindigkeit eines Voxels (120) eines Bereichs des Herzens (125) zu verschiedenen vorgegebenen Zeitpunkten
oder Zeitintervallen reprasentieren.

Vorrichtung (110)nach einemdervorhergehenden Anspriiche, gekennzeichnet durch eine Einheitzum Analysieren
des Krankheitsparameters durch Vergleichen des Krankheitsparameters mit einem Referenzwert und/oder Refe-
renzwertintervall, um einen Vorschlag fir eine bestimmte Herzerkrankung auszugeben.

Revendications

Appareil (110) pour déterminer un parameétre de maladie (i) décrivant un type de maladie cardiaque, I'appareil (110)
comprenant les unités suivantes :
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- une unité (135) pour lire un ensemble de paramétres d’entrée (f), dans lequel les parameétres d’entrée (f)
représentent un champ de vecteurs de vitesse mesurant des champs de vitesse myocardique 3D avec des
informations de vitesse 3D par voxel, chaque vecteur de vitesse représentant une vitesse de mouvement d’'un
voxel (120) d’'une région du coeur (125) a un point de temps prédéfini ou a un intervalle de temps et dans lequel
un vecteur de vitesse décrit la vitesse tridimensionnelle par voxel du myocarde avec une magnitude différente;
- une unité (140) pour appliquer un algorithme de traitement sur 'ensemble des parameétres d’entrée (f) afin
d’obtenir au moins un parameétre de rotation (R) et/ou au moins un capteur de taux de déformation (SRT), le
paramétre de rotation (R) représentant la courbure locale de 'ensemble des parametres d’entrée (f) et le capteur
de taux de déformation (SRT) représentant un taux local de déformation a un certain point spatial a un certain
point temporel ou intervalle de temps, le tenseur de taux de déformation (SRT) est calculé par la matrice
jacobienne (Df) du champ de vitesse considéré (f), en utilisant la formule SRT= ¥2(Df+DfT) dans laquelle DfT
désigne une matrice jacobienne transposée et dans laquelle le parameétre de rotation (R) est dérivé de la formule
curl =V x f dans laquelle V représente I'opérateur de Nabla et x désigne le produit en croix ou dans laquelle le
paramétre de rotation (R) est calculé en utilisant la formule RRT= 2(Df-DfT); et

- une unité (145) pour calculer au moins le parametre de maladie (k) sur la base du parameétre de rotation (R)
et du tenseur de taux de déformation (SRT), dans laquelle I'unité (145) de calcul est configurée pour calculer
le parametre de maladie (k) en divisant une valeur absolue du paramétre de rotation (R) par au moins une
valeur propre, 'au moins une valeur propre résultant de la résolution du probléeme du vecteur propre SRT f =
A f, dans lequel A représente la valeur propre et dans lequel le paramétre de maladie (k) refléte la proportion
de cisaillement de la couche locale par rapport a la déformation pure locale dans la déformation globale.

Appareil (110) selon I'une des revendications 1, caractérisé en ce que 'unité (140) d’application de I'algorithme
de traitement est configurée pour un calcul d’au moins la matrice jacobienne (Df) a partir de 'ensemble des para-
meétres d’entrée (f), notamment pour calculer le tenseur de vitesse de déformation.

Appareil (110) selon la revendication 1 ou 2, caractérisé en ce que l'unité (140) d’application de I'algorithme de
traitement est configurée pour le calcul de la matrice jacobienne (Df) par rapport a chacune des trois dimensions
spatiales (x1, x2, x3).

Appareil (110) selon I'une des revendications précédentes, caractérisé en ce que l'unité (135) de lecture lit un
ensemble de paramétres d’entrée (f) qui ont été enregistrés au moyen d’'un appareil d'imagerie par résonance
magnétique (IRM).

Appareil (110) selon 'une des revendications précédentes, caractérisé en ce que les unités (135, 1470, 145) de
lecture, d’application et de calcul sont configurées pour exécuter consécutivement des ensembles de parameétres
d’entrée (f) représentant la vitesse de mouvement d’'un voxel (120) de différentes régions du coeur (125) a un point
de temps prédéfini ou a un intervalle de temps et/ou représentant la vitesse de mouvement d’un voxel (120) d’'une
région du coeur (125) a différents points de temps prédéfinis ou a différents intervalles de temps.

Appareil (110) selon I'une des revendications précédentes, caractérisé par I'unité d’analyse du parametre de la

maladie en comparant le parameétre de la maladie a une valeur de référence et/ou a un intervalle de valeurs de
référence afin d’émettre une proposition pour une maladie cardiaque spécifique.
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